Introduction
Multiple myeloma (MM) is a malignant disease of the terminally differentiated B cell (plasma cell). [1] [2] [3] Although the therapeutic arsenal has been enlarged by the introduction of novel agents such as bortezomib and lenalidomide, MM presently remains incurable. [3] [4] Further progress is, therefore, required from new therapeutic concepts based on greater knowledge of MM pathobiology. 3, 5 The heat shock proteins Hsp90 and Hsp70 are different multi-protein complexes, which have been shown to interact jointly to act as molecular chaperones. The Hsp90-chaperone complex mediates the accurate conformation, stability and activity of many proteins, including key components of deregulated signaling pathways in tumor cells. 6, 7 It has recently been shown that Hsp90 is frequently over-expressed in MM, sustains oncogenic deregulation of survival pathways, and critically contributes to malignant growth. 8 Pharmacological Hsp90 inhibition has, therefore, been investigated as a promising novel therapeutic strategy in MM. [8] [9] [10] [11] However, despite promising pre-clinical results, only limited clinical efficacy was achieved by monotherapy with the Hsp90 inhibitor tanespimycin. 12 This suggests that combination approaches may need to be developed to successfully translate the therapeutic concept of Hsp90-chaperone inhibition into the clinic.
The Hsp70 family comprises a total of eight members of which the inducible Hsp72 and the constitutively expressed Hsp73 are the major isoforms. Hsp70 family members play an essential role in the substrate-loading phase of the Hsp90-chaperone. In non-tumor tissues expression of Hsp72 is rather low, but it increases greatly under conditions of cellular stress. 13 In contrast, constitutive over-expression of both Hsp70 isoforms has been observed in cancer cells. 14 Interestingly, a strong upregulation of Hsp72 has been reported after pharmacological Hsp90 inhibition, also in MM cells. 10, 11, 15 Furthermore, it has recently been shown that dual silencing of Hsp72 and Hsp73 in cell lines derived from solid tumors led to degradation of Hsp90 client proteins and to tumor-specific growth inhibition. 16 Taken together these data suggest that Hsp72 and Hsp73 may mitigate Hsp90 blockade-mediated cytotoxicity in cancer cells, and thus contribute to drug resistance. However, the precise role of Hsp72 and Hsp73 in MM remains to be elucidated. We, therefore, decided to investigate the expression, function and regulation of both Hsp70 in MM. Despite therapeutic advances multiple myeloma remains largely incurable, and novel therapeutic concepts are needed. The Hsp90-chaperone is a reasonable therapeutic target, because it maintains oncogenic signaling of multiple deregulated pathways. However, in contrast to promising pre-clinical results, only limited clinical efficacy has been achieved through pharmacological Hsp90 inhibition. Because Hsp70 has been described to interact functionally with the Hsp90-complex, we analyzed the suitability of Hsp72 and Hsp73 as potential additional target sites. Expression of Hsp72 and Hsp73 in myeloma cells was analyzed by immunohistochemical staining and western blotting. Short interfering RNA-mediated knockdown or pharmacological inhibition of Hsp72 and Hsp73 was performed to evaluate the role of these proteins in myeloma cell survival and for Hsp90-chaperone function. Furthermore, the role of PI3K-dependent signaling in constitutive and inducible Hsp70 expression was investigated using short interfering RNA-mediated and pharmacological PI3K inhibition. Hsp72 and Hsp73 were frequently overexpressed in multiple myeloma. Knockdown of Hsp72 and/or Hsp73 or treatment with VER-155008 induced apoptosis of myeloma cells. Hsp72/Hsp73 inhibition decreased protein levels of Hsp90-chaperone clients affecting multiple oncogenic signaling pathways, and acted synergistically with the Hsp90 inhibitor NVP-AUY922 in the induction of death of myeloma cells. Inhibition of the PI3K/Akt/GSK3b pathway with short interfering RNA or PI103 decreased expression of the heat shock transcription factor 1 and down-regulated constitutive and inducible Hsp70 expression. Treatment of myeloma cells with a combination of NVP-AUY922 and PI103 resulted in additive to synergistic cytotoxicity. In conclusion, Hsp72 and Hsp73 sustain Hsp90-chaperone function and critically contribute to the survival of myeloma cells. Translation of Hsp70 inhibition into the clinic is therefore highly desirable. Treatment with PI3K inhibitors might represent an alternative therapeutic strategy to target Hsp70.
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The PI3K/Akt signaling pathway regulates the expression of Hsp70, which critically contributes to Hsp90-chaperone function and tumor cell survival in multiple myeloma
Design and Methods

Immunohistochemical analyses
Immunohistochemical and immunofluorescence analyses were performed according to previously published methods, 8 and are described in full in the Online Supplementary Design and Methods.
Cell culture
The culture conditions of primary MM cells, MM cell lines and primary bone marrow stromal cells (BMSC) have been described in detail elsewhere. 11, 17, 18 Transfection of INA-6 and MM.1S cells with short-interfering RNA expression plasmids PSUPER-derived short interfering (si) RNA expression constructs were designed according to previously described guidelines. 19 The sequences of the sense oligonucleotides of the most effective siRNA are provided in the Online Supplementary Design and Methods. The protocol for transient transfection and purification of transfected cells has been described elsewhere. 19 Western blot analysis of the respective target in selected cells was performed after 72 h (pSU/Hsp72 or pSU/Hsp73) or after 120 h (pSU/PI3Kp110α) to verify their efficiency and specificity.
Western blot analysis
The western blotting procedures were performed as described elsewhere. 18 Details are provided in the Online Supplementary Design and Methods.
Viability assays
Apoptotic and viable cell fractions were assessed by annexin V-FITC/ propidium iodide (PI) staining (Bender MedSystems, Vienna, Austria) as previously described. 18 The AlamarBlue assay (MorphoSys, Oxford, UK) was performed according to the manufacturer's instructions to measure drug effects on metabolic activity of MM cells. Both assays are described in the Online Supplementary Design and Methods.
Drug combination analyses
MM cell lines INA-6 and MM.1S were treated with combinations of NVP-AUY922/VER-155008 or NVP-AUY922/PI103 in accordance with the guidelines discussed by Chou 20 using the AlamarBlue assay to quantify viability and CalcuSyn (software Version 2.1; Biosoft, Cambridge, UK) to calculate correlation coefficients for the dose-effect curves. The experimental design is described in full in the Online Supplementary Design and Methods.
Reagents
The catalogue numbers and sources of the reagents used in this study are listed in the Online Supplementary Design and Methods.
Statistical analysis
Statistical analyses were performed using a two-tailed unpaired Student's t test. P-values < 0.05 were considered statistically significant.
Results
Hsp72 and Hsp73 proteins are frequently overexpressed in multiple myeloma cells, but not in normal plasma or B cells
We initially established immunohistochemical staining protocols for Hsp72 and Hsp73 in lymph node ( Figure 1A) and bone marrow biopsies ( Figure 1B ,C) to investigate the respective in situ protein expression levels in human plasma cells. Staining with isoform-specific antibodies against Hsp72 and Hsp73 or with a pan-HSP70 antibody (recognizing both isoforms) was visualized using either ACE as a chromogenic substrate ( Figure 1A ,B) or with fluorescent dyes in co-immunofluorescence studies with the plasma cell marker CD138 ( Figure 1C ). Normal plasma cells did not have detectable levels of either Hsp72 or Hsp73 ( Figure  1A,C) . A similar result was found for the majority of plasma cells from the bone marrow of patients with monoclonal gammopathy of undetermined significance, in whom at most there was weak expression of Hsp72 and Hsp73 in a few plasma cells ( Figure 1C ). In contrast, we observed strong plasma cell expression of Hsp72 and Hsp73 in a large proportion of the MM cases investigated ( Figure 1B,C Figure S1 ).
Hsp72/Hsp73 inhibition efficiently induces apoptosis in multiple myeloma cells
To investigate the respective role of Hsp72 and Hsp73 in MM, isoform-specific siRNA sequences against both Hsp70, which share a high degree of amino acid homology (86%), were selected, and pSUPER-based siRNA expression plasmids constructed. INA-6 and MM.1S cells were transiently transfected with these vectors to selectively deplete Hsp72, Hsp73 or both. Western blot analysis showed that the siRNA against Hsp72 caused down-regulation of Hsp72 protein without reducing Hsp73 levels and vice versa, confirming that both siRNA are highly specific for their respective target (Figure 2A,B) . Interestingly, in both cell lines the level of Hsp72 protein increased substantially after siRNA-mediated down-regulation of Hsp73, indicating a specific compensatory mechanism between the two Hsp70 (Figure 2A In order to investigate apoptotic pathways that have previously been associated with Hsp70 function, we next analyzed nuclear translocation of the apoptosis-inducing factor (AIF) and cleavage of pro-caspases 9 and 3 upon treatment of INA-6 or MM.1S cells with 15 mM VER-155008. Western blot analyses showed substantial accumulation of AIF in the nucleus after 6 h of drug treatment, as well as increased cleavage of pro-caspases 9 and 3, and of the caspase substrate poly (ADP-ribose) polymerase 1 (PARP 1) ( Figure 2F ). Next, we evaluated the effects of VER-155008 on the survival of primary MM cells in vitro ( Figure 2G ,H). Primary MM cells (n=25), freshly isolated from bone marrow aspirates, were kept in co-culture with primary BMSC and treated with VER-155008 for 3 days prior to viability analyses with annexin V-FITC/PI staining. Dose-effect curves for VER-155008 in three primary MM samples showed that these had weaker sensitivity (IC 50 : 20, 35 and 50 mM) than MM cell lines ( Figure 2G ). Based on these results, two concentrations (30 and 40 mM) were chosen to further evaluate the effectiveness of VER-155008 in a larger number of primary MM samples ( Figure 2H ). Survival of primary MM samples was assessed with annexin V-FITC/PI staining after 3 days of treatment with 30 mM (n=25) or 40 mM (n=23) of VER-155008. These concentrations led to strong induction of apoptosis in the majority of primary MM samples. A comparison of the median viability of VER-155008-treated and DMSO-treated MM cells showed decreases of 67% (30 mM VER-155008) and 90% (40 mM VER-155008) in the drug-treated sets ( Figure 2H ). Whereas at a concentration of 30 mM VER-155008, 10/25 MM samples retained sizeable quantities of viable cells (>30%), such differential responses were largely abolished at 40 mM. Thus, in primary MM cells too, pharmacological inhibition of Hsp72/Hsp73 activity induced apoptosis even in the presence of BMSC.
The Hsp90-chaperone function in myeloma cells is critically dependent on Hsp72 and Hsp73
Although it is well established that Hsp70 acts as a structural co-chaperone within the Hsp90-multi-chaperone complex, it has recently been shown that dual silencing of the major Hsp70 isoforms Hsp72 and Hsp73 in cancer cells inhibited Hsp90 function and induced tumor-specific apoptosis. 16 We, therefore, investigated a potential structural and functional interaction between Hsp72/Hsp73 and Hsp90 in MM cells. Our in situ expression analyses based on immunohistochemical staining revealed that Hsp90 was overexpressed in 73% (40/55) of primary MM samples, whereas 67% (37/55) stained immunopositive for Hsp72/73. Eighty-six percent (32/37) of the Hsp72/73-positive MM samples, and 44% (8/18) of the Hsp72/73-negative MM samples also stained for Hsp90 (P<0.001 or P=0.001, respectively; χ 2 test). Thus, both Hsp70 isoforms were significantly co-expressed with Hsp90. Furthermore, immunofluorescent confocal analysis of INA-6 and MM.1S cells as well primary myeloma cells from bone marrow biopsies of MM patients showed partial co-localization of Hsp72/Hsp73 and Hsp90 in situ (Online Supplementary Figure  S2A ). In addition, immunoprecipitation studies using INA-6 cells showed binding of Hsp90 to both Hsp72 and Hsp73, indicating a direct structural interaction of Hsp70 and Hsp90 in MM (Online Supplementary Figure S2B) .
In order to investigate a potential functional interplay between the Hsp70 isoforms and Hsp90 in INA-6 and MM.1S cells, the levels of expression of several well-defined Hsp90 client proteins were probed by western blotting after Hsp72/Hsp73 inhibition ( Figure 3A ,B). Hsp72 and Hsp73 were either knocked down in concert ( Figure 3A ) or were pharmacologically inhibited with VER-155008 ( Figure 3B ) and then 48 h after transfection or 24 h after treatment with VER-155008 (i.e. before the onset of large-scale apoptosis) cells were harvested and the levels of Hsp90 client proteins determined. To avoid any misinterpretation through potential effects mediated by active caspases, cell cultures were supplemented with 50 mM of the pan-caspase inhibitor z-VAD-fmk. Whereas Hsp90 expression levels remained unaffected, substantial decreases of the Hsp90 clients B-and C-Raf, Akt, p38, IKKα and Tyk2 were observed after Hsp72/73 depletion in INA-6 and MM.1S cells. Of note, INA-6 cells, which are dependent on the IL-6R/STAT3 signaling pathway, showed a strong decrease of phosphorylated STAT3 and a partial decrease of total STAT3 protein after Hsp72/73 inhibition; the latter effect was also observed in phospho-STAT3-negative MM.1S cells. These data demonstrate that Hsp72 and Hsp73 are crucial for the stability of many Hsp90-dependent protein kinases, thereby indicating their critical contribution to the full activity of the Hsp90-multi-chaperone complex in MM.
Concomitant Hsp72/Hsp73 inhibition significantly enhances apoptosis induced by the Hsp90 inhibitor NVP-AUY922 in MM.1S and INA-6 cells
It has been previously demonstrated that the in vitro survival of MM cells is dependent on Hsp90 function. [8] [9] [10] [11] We, therefore, evaluated survival of MM cells after combined targeting of both Hsp72/Hsp73 and Hsp90. INA-6 ( Figure  3C Figure 2E ; for NVP-AUY922 data not shown) concentrations were chosen that did not exceed EC 50 levels. An exception from this rule was made for the more VER-155008-insensitive MM cell line MM.1S, which was also tested with the high concentration of 20 mM VER-155008 (see Figure 2E ). INA-6 ( Figure 3E ) and MM.1S ( Figure 3F ) cells were treated either with DMSO, VER-155008, NVP-AUY922 or with a combination of VER-155008 and NVP-AUY922 for 3 days prior to viability analyses by annexin V-FITC/PI staining. Concomitant Hsp72/Hsp73 inhibition with VER-155008 significantly enhanced the induction of apoptosis by sub-effective concentrations of NVP-AUY922 ( Figure 3E,F) . In order to quantify the effects of the VER-155008/NVP-AUY922 combination better, we used the AlamarBlue metabolic assay to determine the effects of the drug combination on the viability of MM cells according to the method of Chou and Talalay (see Design and Methods section). Combination indices had values below 1 for all effect levels calculated, indicating synergy of the drug combination in both MM cell lines ( Figure 3G ). We then tested the drug combination with freshly isolated primary MM cells (n=11) co-cultured with primary BMSC using fixed concentrations of NVP-AUY922 (5 and 10 nM) and VER-155008 (30 mM), and their respective combinations ( Figure 2H ). Viable cell fractions were assessed by annexin V-FITC/PI staining after 3 days and compared to DMSO-treated control cells. Although treatment with 30 mM VER-155008 already caused strong apoptotic effects on its own, the combination with sub-effective concentrations of NVP-AUY922 still significantly enhanced the overall rate of MM cell death. These results suggest that combining Hsp90 and Hsp70 inhibition could be an effective therapeutic strategy for the treatment of MM.
The PI3K/Akt/GSK3b signaling pathway stabilizes the expression of heat shock transcription factor 1, thereby controlling constitutive and inducible expression of Hsp70 in multiple myeloma cells Deregulated oncogenic signaling is considered to be a hallmark of the pathogenesis of MM. We, therefore, explored the potential regulation of Hsp70 by different signaling pathways including the phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway, which is frequently activated in MM and contributes to tumor cell survival. [21] [22] [23] Two different experimental approaches were pursued to inhibit PI3K-mediated signaling: pSUPER-based siRNAmediated knockdown of the p110α subunit of PI3K ( Figure  4A ) and treatment with the small molecule class I PI3K inhibitor PI103, which exhibits activity against the PI3K isoforms p110α, p110b, p110γ, and p110δ ( Figure 4B ). 24, 25 MM.1S cells, which display strong constitutive activation of the PI3K/Akt pathway, were transfected with either pSUPER (mock control) or with pSUPER/PI3Kp110α, purified, and harvested 5 days after electroporation for western blotting ( Figure 4A) . Alternatively, MM.1S cells, as well as primary MM cells, were treated with PI103 for 24 h prior to harvesting ( Figure 4B,C) . Both approaches yielded strong inhibition of PI3K downstream signaling, as shown by drastically reduced levels of phosphorylated Akt and phosphorylated glycogen synthase kinase 3b (GSK3b) (Figure 4A-C) . Whereas the levels of Hsp90 expression remained virtually unaffected, and just slight decreases in the amount of Hsp73 in the case of treatment with PI103 were observed, the constitutive levels of Hsp72 were always strongly down-regu- lated. In order to investigate the underlying mechanism of this observation, we analyzed expression of HSF1, which has been shown to regulate different heat shock proteins during physiological stress responses, and found substantial down-regulation of HSF1 upon PI3K inhibition ( Figure 4A -C). PI3K inhibition also caused strong decreases in the level of Hsp27, another HSF1-regulated heat shock protein ( Figure 4 ). Because GSK3b has been reported to have a role in the stability of HSF1 [26] [27] [28] we tested whether dephosphorylated (i.e. active) GSK3b might be involved in the down-regulation of HSF1. MM.1S were treated with either PI103, the GSK3b inhibitor XXVI, or a combination of both. Interestingly, the decrease in HSF1 after treatment with PI103 was largely prevented by concomitant inhibition of GSK3b, suggesting that GSK3b might indeed play a role as a negative regulator of HSF1 protein expression in MM cells ( Figure 4D ). It has previously been reported that pharmacological inhibition of Hsp90 causes a strong induction of Hsp70 expression, suggesting a potential drug resistance mechanism. Therefore, we next evaluated whether HSF1-dependent induction of Hsp70 upon pharmacological Hsp90 inhibition is controlled by PI3K in MM cells ( Figure  5 ). siRNA-mediated knockdown of PI3Kp110α in MM.1S cells efficiently prevented strong Hsp72 induction upon treatment with the Hsp90 inhibitor NVP-AUY922 ( Figure  5A ). Accordingly, a similar block of Hsp72 up-regulation was observed upon treatment of INA-6 cells ( Figure 5B ), MM.1S cells ( Figure 5C ) or primary MM cells ( Figure 5D ,E) with PI103. These data strongly suggest that the PI3K/Akt/GSK3b signaling axis crucially controls HSF1 activity and thereby regulates constitutive as well as inducible expression of Hsp70 in MM cells.
Combined pharmacological PI3K and Hsp90 inhibition leads to strongly enhanced apoptotic effects in INA-6 and MM.1S cells
Concomitant inhibition of Hsp70 and Hsp90 could potentially be an exciting therapeutic strategy. However, haematologica | 2013; 98(7) (Figures 4 and 5) , we next evaluated whether combined PI3K and Hsp90 inhibition might represent a suitable approach to induce MM cell death ( Figure 6 ). Based on the dose-effect curves of NVP-AUY922 and PI103 (data not shown) mildly effective concentrations of these drugs were chosen for combination experiments. Specifically, INA-6 cells were incubated with 5 nM NVP-AUY922 or with 1 mM PI103 or with both drugs combined ( Figure 6A ), and MM.1s cells were exposed to 10 nM NVP-AUY922 or 0.3 mM PI103 or their combination ( Figure   6B ). Combination treatment resulted in significantly enhanced apoptosis compared to the respective single drug treatments. Thus, concomitant exposure to NVP-AUY922 and PI103 decreased the viability of INA-6 cells to 25%, and that of MM.1s cells to just 5% ( Figure 6A, B) . Combination index analysis revealed synergistic activity of the two drugs in INA-6 cells, and additive effects in MM.1S cells ( Figure  6C,D) . Finally, we tested apoptosis induction in freshly purified primary MM cells (n=25) co-cultured with BMSC after 72 h of treatment with either NVP-AUY922 (7.5 mM and 10 mM), PI103 (2 mM) or their combination ( Figure 6E ). Compared to the respective DMSO-treated controls, drug
Role and regulation of Hsp70 in multiple myeloma haematologica | 2013; 98(7) treatments reduced MM cell viability to median values of 67% (PI103; 2 mM), 75% (NVP-AUY922; 7.5 mM) and 42% (NVP-AUY922; 10 mM). However, treatment with both drugs strongly decreased cellular viability to between 10-15%, suggesting a rationale for the development of a therapeutic regimen based on the inhibition of PI3K and Hsp90.
Discussion
In the present study, we show that the major Hsp70 isoforms, Hsp72 and Hsp73, contribute critically to the pathobiology of MM. Expression analyses revealed frequent elevation of Hsp72 and Hsp73 protein levels in primary MM cells and in MM cell lines, compared to the levels in either non-malignant plasma cells or normal B cells. Our finding is in good agreement with the observation in other studies showing deregulated expression of Hsp70 isoforms in various tumor entities such as endometrial cancer, osteosarcoma and renal cell carcinoma. 14 We found that all MM samples from extramedullary manifestations and seven out of eight MM samples with anaplastic morphology were strongly immunopositive for Hsp72/Hsp73. This suggests that elevated Hsp70 levels could be associated with a progressed disease state. However, further correlation studies evaluating larger, clinically well-defined panels of MM patients are needed to clarify the potential relevance of elevated Hsp70 expression for prognosis or progression.
Upon selective knockdown of either Hsp72 or Hsp73 we observed a strong induction of apoptosis in MM cells. This lethal effect appeared more rapidly and was more pronounced if both Hsp70 isoforms were concomitantly silenced, suggesting that both Hsp70 contribute to MM cell survival. Reports regarding the importance of the Hsp72 or Hsp73 isoform for cellular survival do not give a consistent picture and the degree of cell death induction might well be dependent on the respective cellular system. Thus, in cancer models of solid tumors it was recently found that the combined knockdown of both Hsp72 and Hsp73 was required to induce cell death. 16 In line with the Hsp72/Hsp73 knockdown results, treatment with the novel Hsp72/Hsp73 inhibitor VER-155008 29 induced MM cell apoptosis. In addition to a role in down-regulation of Hsp90 client proteins (see below), the induction of apoptosis of MM cells through Hsp70 blockade was also shown to involve translocation of AIF into the nucleus and cleavage of pro-caspases 9 and 3. Both processes are reportedly Hsp90-independent because binding of the respective proteins to Hsp70 prevents their activity. 16, 30, 31 We observed that Hsp72 and Hsp73 were co-expressed and co-localized with Hsp90 in MM cell lines as well as in primary samples in situ indicating that both multi-chaperone complexes jointly interact in MM. The dynamics of this interaction has recently been illustrated showing that upon Hsp73 knockdown its job in the Hsp90-complex can functionally be fulfilled by Hsp72. 16 In line with these observations, we found that Hsp73 knockdown in MM cells caused a strong increase of the inducible isoform Hsp72 (whereas no such change was seen for Hsp73 after Hsp72 knockdown), suggesting a potential compensatory capacity of Hsp72 for rescuing or maintaining Hsp90-chaperone function in MM cells.
The Hsp90-chaperone has been identified as a promising therapeutic target, because selective blockade of Hsp90 leads to degradation of multiple oncogenic proteins, and thereby causes concomitant disruption of several oncogenic haematologica | 2013; 98(7) signaling pathways. 6, 7, 32 We demonstrated that either knockdown or pharmacological inhibition of Hsp72/Hsp73 strongly attenuated the expression levels of several wellcharacterized Hsp90 client proteins, although Hsp90 expression levels were unaffected. Notably, many of these clients act as signaling proteins, and thus a number of signaling pathways, such as the Ras/Raf/MAPK, JAK/STAT3, PI3K/Akt and IKK/NFκB pathways, which have been reported to contribute to the malignant growth of MM cells, were simultaneously inhibited upon Hsp72/73 knockdown. In accordance with our findings in MM, similar effects of Hsp72/Hsp73 knockdown have recently been described in cells representing solid cancers corroborating the hypothesis that the Hsp90-chaperone function is largely dependent on Hsp72/Hsp73 in cancer cells. 16 Targeting Hsp90 using pharmacological inhibitors has proven successful in preclinical MM models. [8] [9] [10] [11] However, only limited clinical efficacy was achieved by monotherapy with the Hsp90 inhibitor tanespimycin suggesting that combinations of therapeutic agents will be required to translate the concept of Hsp90-chaperone inhibition into the clinic. 12 With the assumption that the loss of functional Hsp90 might be compensated for, at least in part, by Hsp70, we observed that the pro-apoptotic effect of the novel pharmacological Hsp90 inhibitor NVP-AUY922 was enhanced by concomitant Hsp72 or Hsp73 knockdown in MM cells. Moreover, we collected experimental evidence of a synergistic mode of action of the combined pharmacological inhibition of Hsp90 and Hsp70 with NVP-AUY922 and VER-155008. In contrast to Hsp90 inhibition as monotherapy, the combined blockade of Hsp70 and Hsp90 might, therefore, have the potential to increase the clinical efficacy of anti-Hsp-directed therapies in MM. Although many efforts have been made to develop specific Hsp70 inhibitors for a potential therapeutic application, 33, 34 none of these inhibitors -including VER-155008 -has so far been tested in clinical trials. Thus, further attempts to improve the pharmaceutical development of clinically suitable Hsp70 inhibitors are certainly warranted. 35, 36 Hsp90 inhibition consistently leads to up-regulation of Hsp72, both in vitro as well as in vivo. Because this induction effect may attenuate the efficacy of Hsp90 blockade, preventing Hsp72 up-regulation might represent a promising therapeutic strategy. Accordingly, it was recently shown that treatment of MM cells with small compounds, such as KNK437, which inhibits Hsp72 up-regulation, enhanced the pro-apoptotic efficacy of the Hsp90 inhibitor 17-AAG.
However, the precise mechanism of action of such inhibitory compounds is largely unknown, and little is understood about the mechanisms governing Hsp72 regulation in MM. Using an siRNA against the p110α subunit of PI3K or the pharmacological PI3K inhibitor PI103, which exhibits activity against all p110 isoforms of PI3K, 24, 25 we observed that blockade of the PI3K/Akt/GSK3b signaling pathway led to decreased levels of constitutive expression of the proteins, HSF1, Hsp72 and Hsp27. Importantly, we found that Hsp72 induction after pharmacological Hsp90 inhibition was largely prevented by concomitant PI3K inhibition. Thus, our data provide experimental evidence that constitutive as well as inducible Hsp72 expression is regulated by PI3K-dependent HSF1 activity in MM cells. These findings are supported by those of previous studies showing an involvement of PI3K/Akt in the regulation of Hsp70, 37, 38 and indicating that GSK3b may act as a negative regulator of HSF1 activity. 26, 27 In accordance with this latter hypothesis, we observed that PI103-mediated down-regulation of HSF1
Role and regulation of Hsp70 in multiple myeloma haematologica | 2013; 98 (7) 1139 was largely prevented by concomitant treatment with the GSK3b inhibitor XXVI. The PI3K/Akt pathway has drawn considerable attention as a promising therapeutic target in MM. [21] [22] [23] It is, therefore, conceptually intriguing that PI3K inhibition might serve as a useful strategy to target the HSF1/Hsp72 axis. This is of immediate clinical relevance because -in contrast to the situation with Hsp70 -the development of therapeutically suitable PI3 kinase inhibitors is quite advanced. In support of this concept, we found that combined inhibition of PI3K and Hsp90 resulted in synergistic to additive cell death induction in MM cells. Because Akt is a bona fide Hsp90 client protein, an additional rationale for this particular inhibitor combination is that oncogenic Akt would be tackled in a two-pronged approach: down-regulation of total Akt levels by Hsp90 blockade and attenuation of Akt activation through inhibition of PI3K. The latter concept has recently been supported by the observation that the alkylphospholipid perifosine (which interferes with Akt activity) in combination with the HSP90 inhibitor 17-DMAG synergistically enhances MM cell cytotoxicity. 39 Taken together, our data demonstrate that Hsp70 isoforms are critically involved in the regulation of Hsp90-chaperone function and contribute to tumor cell survival in MM. Improving the clinical efficacy of Hsp90 inhibition by concomitant targeting of Hsp70, potentially achieved via PI3K inhibition, could therefore represent a new therapeutic strategy for MM patients. 
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